Controlling ferromagnetic thickness (t) and properties such as saturation magnetization (M s ) and effective magnetic anisotropy constant (K eff ) has been regarded as critical for the performance of magnetic tunnel junctions (MTJs) with interfacial perpendicular magnetic anisotropy. Here, we report the effects of hybridizing a CoFeB layer with a FeNiSiB layer as part of a magnetic free layer structure. We deposited thin film stacks by magnetron sputtering on Si wafers with thermal oxides and carried out post-deposition heat treatment at 300 °C for 1 h in a vacuum under a magnetic field. We found that M s and K eff could be tuned by adding a layer of amorphous FeNiSiB. While the M s and K eff values were modified, the tunneling magnetoresistance (TMR) ratios of the MTJs were maintained, even though the CoFeB thickness was decreased by half. Moreover, an asymmetric bias voltage dependence of TMR was suppressed in the MTJs with FeNiSiB/CoFeB hybrid free layers due to improvements in the interface quality between the CoFeB/MgO interfaces.
Introduction
Magnetic tunnel junctions (MTJs) with perpendicular magnetic anisotropy (PMA) are essential for the construction of magnetic random access memory (MRAM) devices [1] . The advantages of using MTJs with PMA layers can be summarized as follows: (1) it is possible to realize stable and uniform magnetization states, beneficial for increasing the total bit density [1, 2] , (2) the magnetization switching current can be reduced by using PMA thin films [3] , and (3) they can provide a significantly large thermal stability factor (Δ) for nanoscale devices [4] where Δ is defined as K eff V/k B T, where K eff is the effective anisotropy constant, V is the volume of the free layer, k B is the Boltzmann constant, T is the ambient temperature.
MTJs comprising CoFeB and MgO have shown a large tunneling magnetoresistance (TMR) ratio and a relatively low magnetization switching current with a perpendicularly magnetized ultrathin CoFeB layer. In this structure, the PMA originates from the interfacial anisotropy at the CoFeB/MgO interface. It has also been reported that the Ta layer plays a significant role in achieving PMA in a Ta/CoFeB/MgO system [5, 6] . However, in this system, the anisotropy energy rapidly degrades after the back-end-of-line (BEOL) processing, which occurs above 300 °C [7] . To resolve this problem, an enhancement of K eff and/or an increase of the effective volume is required but is very difficult to achieve due to physical limitations, such as the thickness range. A double CoFeB/MgO structure (interface origin), which enhances the K eff values, was introduced. Such an enhancement of K eff induced an increase in thermal stability, allowing further scaling of the MTJs down to around sub-20 nm while maintaining the critical switching current. However, scaling down further encountered a reduction in thermal stability due to reduced PMA strength [8] . To solve this problem, appropriate modification of the material design parameters, such as M S and K eff , is required, while the thin-film texture and physical dimension match are designed carefully.
Another important consideration for designing MTJs is to prevent asymmetric bias voltage behavior. The TMR behaviors in the MTJs should be symmetric with respect to the applied bias voltage to be useful in a real application. The cause of this asymmetry is complex because it depends on various factors such as material combinations, layer thickness, roughness, and postdeposition annealing temperature, among others. [9, 10] .
In the present study, we investigate the effect of replacing some portion of the CoFeB free layer with amorphous FeNiSiB to tune the M s and K eff values. We can modify such design parameters while achieving the appropriate TMR values as a function of the free layer thickness. Moreover, we attempt to suppress the asymmetric bias voltage dependence of TMR by incorporating a FeNiSiB layer.
Experimental
The MTJ samples, with interfacial perpendicular magnetic anisotropy (IPMA), were deposited on thermally oxidized Si wafers by a magnetron sputtering system with DC and RF sources, under a base pressure of < 1×10 −8 Torr. The free-layer film stacks of Ta 5/free layers/MgO 2/Ta 5 (in nm), where the following free layer structures were deposited and compared: CoFeB 0.6-0.9 nm (type 1), FeNiSiB 0.1 nm/CoFeB 0.6-0.9 nm (type 2), FeNiSiB 0. Note that we did not put a serious effort into the modification of the MgO deposition process to obtain very high TMR ratios compared to commercial systems. A typical photolithographic process and ion milling were used to pattern the samples with sizes of 10 × 10 μm 2 for transport measurements. The TMR ratio and voltage bias dependence of the MTJs were measured by a four-point probe station, with the magnetic field applied perpendicular to the plane of a field strength ranging from −500 to 500 Oe.
Results and Discussion
Samples with Ta/FeNiSiB/MgO structures, i.e., no CoFeB layer, were created to investigate the PMA characteristics of FeNiSiB, and the M-H hysteresis loops of structures with various FeNiSiB thicknesses (not shown here) were measured by VSM. For structures in the thickness range of 0.8-1.5 nm, the PMA was not observed. This is consistent with previous reports; crystallization through the postdeposition annealing process is very important to obtain the PMA, which is likely due to the large interfacial anisotropy associated with the epitaxial ferromagnetic layer/MgO interface. Because of the high crystallization temperature (~ 460 °C), amorphous FeNiSiB could not be crystallized at the given annealing temperature. Figure 1 shows the set of hysteresis loops measured at RT with a perpendicular magnetic field. After the annealing process at 300 °C, the PMA was clearly observed for the CoFeB thickness ranges of 0.6-0.9 nm for types 1 and 2, 0.5-0.8 nm for type 3, and 0.5-0.7 nm for type 4. The squareness, defined as the ratio between the remanent magnetization (M r ) and saturation magnetization (M s ), was 1 for all samples, indicating that the interface PMA was well created, and the small coercivity (< 40 Oe) possibly originated due to their switching mode by the nucleation reversal mechanism in thin films.
To evaluate the magnetic dead layer, we plotted the measured magnetization values as a function of ferromagnetic layer thickness, as shown in Fig. 2a . The magnetic dead layer can be determined by linearly fitting the magnetic moment (m, in emu) versus thickness and extrapolating the fitted line to the x-axis. Considering the magnetic attribution of FeNiSiB, the calculated nominal magnetic dead layer thicknesses were 0.43 nm for type 1, 0.37 nm for type 2, 0.34 nm for type 3, and 0.32 nm for type 4 structures. It is reported that the magnetic dead layer at the CoFeB/MgO interface is negligible because of the very small intermixing between CoFeB and MgO due to the high bonding strength of MgO [11] . Therefore, a possible source of the magnetic dead layer is thought to be the Ta/CoFeB interface, as B diffused from the amorphous CoFeB matrix accumulated at the CoFeB/ MgO interface, and the intermixing of Ta that occurred during the annealing process. In this respect, the incorporation of the ultrathin FeNiSiB layer can serve as an intermixing prevention layer as well as a B-absorption layer [12] . Moreover, the amorphous FeNiSiB layer insertion had promoted smoother CoFeB/MgO interface after annealing as characterized by cross-sectional transmission electron microscopy [12] . We believe that the microstructural features mentioned above occur similarly in this study. Figure 2b shows M s of various IPMA thin-film structures. Considering the magnetic dead layer thickness in the M s calculation, for a single CoFeB IPMA film, M s is ~ 1700 emu/cm 3 , which is close to bulk Co 20 Fe 80 . This is consistent with the crystallization of CoFeB to CoFe after the annealing process, so, the M s value of a single CoFeB IPMA thin film should exhibit a similar value to that of To examine the effective anisotropy constant, K eff , we used the area method to calculate K eff as a function of film thickness for different FeNiSiB/CoFeB films. Note that the magnetic dead layer thickness was also considered in the calculation. In the thickness range exhibiting IPMA, K eff decreased with increasing film thickness (Fig. 3a) . It is reported that K eff is the result of competition between the magnetostatic energy and interfacial anisotropy energy at the CoFe/MgO interface:
where K B is the bulk magnetic anisotropy, K i is the interface anisotropy, and 2πM s 2 is the shape anisotropy. Usually, in ultrathin magnetic films, the bulk anisotropy is negligible, leaving only the interface and shape anisotropy as the relevant terms. With this relation, a thinner IPMA film should produce higher K eff , and K i can be obtained by extracting the slope of the plot of K eff × t versus the effective thickness (not shown here). As shown in Fig. 3b , K i can be tuned with the FeNiSiB/CoFeB composition. From the viewpoint of practical application, this indicates the possibility of controlling the magnetization switching current with FeNiSiB/CoFeB composition. Note that this study is focused on FeNiSiB/ (1) CoFeB hybrid IPMA thin films for the polarization enhancement layer. To obtain higher thermal stability, other bulk PMA thin films should be introduced. In this situation, K eff and M s controls are very effective in achieving a low magnetization switching current. Figure 4 shows the TMR ratios as a function of the FeNiSiB/CoFeB composition calculated by the R-H curves from the 4-point probe station with the perpendicular magnetic field. In the R-H curves, a well-defined antiparallel plateau (high resistance) is clearly observed in all samples. The single CoFeB free layer exhibits a TMR efficiency of 70%, which is relatively high for MTJs with a single CoFeB/ MgO interface. This value was maintained even when a portion of the CoFeB layer was replaced with FeNiSiB, and even slightly increased with the FeNiSiB 0.1/CoFeB 0.7 nm and FeNiSiB 0.2/CoFeB 0.6 nm structures. This result shows the possibility to control the design parameters M s and K eff while maintaining TMR efficiency.
The bias voltage dependence of the TMR ratio was also measured. For this, the total free layer thickness was fixed to 0.7 nm. When an MTJ application is driven, a certain amount of bias voltage is applied to the entire device. In such a case, maintaining the TMR ratio regardless of the change in bias voltage is an important factor. As shown in Fig. 5 , a degree of TMR reduction with the bias voltage occurred when the hybrid IPMA layer was employed. The 50% TMR reduction voltage, denoted as V 1/2 , was enhanced by the hybrid IPMA layer due to improvements in the interface quality between the CoFeB/MgO interfaces. Moreover, the suppression of the asymmetric bias voltage dependence was confirmed. The variation of the TMR ratio according to the direction of the bias voltage is a serious impediment for the MTJs to become practical devices. However, as shown in Fig. 5 , the behaviors of the TMR ratios of FeNiSiB-incorporated MTJs showed more symmetry compared with the single CoFeB free-layered MTJ.
Conclusion
We found that when a FeNiSiB layer was employed in between the Ta and CoFeB interface, the magnetic properties of PMA thin films became tunable via control of the FeNiSiB/CoFeB thickness ratio. In addition, it was observed that the FeNiSiB insertion layer is effective in preventing the formation of a magnetic dead layer. We also investigated the effect of MTJs with hybrid free layers on the TMR ratio. The observed TMR ratio was very similar to that of conventional Ta/CoFeB/MgO-based MTJs, even with the varying FeNiSiB layer thickness. Our results indicate that the TMR ratio can be maintained while design parameters such as M s and K eff could be modified by the thickness change of the inserted FeNiSiB layer. Moreover, an asymmetric bias voltage dependence of TMR was suppressed in the MTJs with FeNiSiB/CoFeB hybrid free layers due to improvements in the interface quality between the CoFeB/MgO interfaces. 
